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Tunable full color emissive Y2.94xAl5O12: 0.06Dy
3þ , xEu3þ (YAG: 0.06Dy, xEu) phosphors with emission peaks at 483 nm (blue), 582 nm
(yellow) and 610 nm (red) were synthesized by a sol–gel method. The as-synthesized phosphors were characterized by X-ray powder diffraction
(XRD), transmission electron microscopy (TEM), photoluminescence decay lifetimes, photoluminescence excitation and emission spectra. The
results showed that photoluminescence intensity varied with excitation wavelength and the doping concentration of Eu3þ . The co-doping with
Eu3þ compensated the red emission component of the YAG: Dy3þ phosphor. The chromaticity coordinate of YAG: 0.06Dy, 0.09Eu phosphor
(0.3263, 0.3334) was very close to that of the ideal white light (0.3333, 0.3333). Thus, the YAG: 0.06Dy, 0.09Eu phosphor can ﬁnd potential
application in simulating the sunlight artiﬁcially through fabricating white light emitters.
& 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Phosphor-converted white light-emitting diode (w-LED) as
the fourth generation light-source, owing to its advantages of
energy saving, long lifetime, fast switching, small in size,
mercury-free and solid-state lighting [1–3], have attracted
signiﬁcant attention to meet the increasing requirement in
many ﬁelds, such as indicators, backlights, general illumina-
tion, etc, and is substituting conventional ﬂuorescent and
incandescent lamps [1,4]. Today's commercial w-LED was
fabricated by two approaches. The one is composed of a blue
LED chip and yellowish phosphors Y3Al5O12:Ce
3þ , the other
is the combination of a blue LED chip and a variety of
monochromatic phosphors [3]. However, the former encoun-
ters some drawbacks of low color-rendering index, poor color
reproducibility, and high color temperature [5–7] because the
emission of YAG: Ce3þ phosphor lacks red emission [8,9].
The latter brings many intractable technical problems and10.1016/j.pnsc.2015.05.006
15 The Authors. Published by Elsevier GmbH. This is an open ac
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more and more researchers focus on single-phase white light-
emitting phosphors by co-doping a sensitizer and an activator
in the same host matrix [11–13].
YAG with a cubic garnet structure is an attractive material in
both fundamental and application-oriented research due to its
physical and chemical stability [14], as well as its interesting
optical and mechanical properties [15]. YAG single crystal and
transparent ceramics are well known in the ﬁelds of solid-state
laser, such as YAG: Nd3þ [16,17]; YAG: Yb3þ [18,19]; YAG:
Tm3þ [20,21]; YAG: Ho3þ [22,23]. Recently, rare earth ions
doped YAG powders are also highly studied for the purpose of
seeking novel luminescence materials for the white light emitting
diodes (wLED). For example, YAG: Dy3þ phosphor has attracted
more and more attention due to Dy3þ ion afﬂuent energy levels
construction [24–27]. Unfortunately, the color render index (CRI)
of single Dy3þ doped phosphors is very low because of lacking
the red emission [28–30]. YAG: Eu3þ phosphor [31,32] has also
been widely investigated so far [33,34]. The Eu3þ ions can
provide the red emissions, which are necessary for obtaining the
artiﬁcial white light [33,34]. Considering the above facts, Dy3þ
and Eu3þ co-doped YAG phosphors may have potentialcess article under the CC BY-NC-ND license
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0.06Dy, xEu (x=0.01, 0.03, 0.05, 0.07, 0.09) phosphors were
synthesized by a sol–gel method. The luminescence properties, PL
decay lifetime corresponding to 4F9/2-
6H13/2 transitions of Dy
3þ
were discussed. From the PL emission date, CIE chromaticity
coordinates of the samples were calculated.
2. Experimental
All the phosphor samples were synthesized by the sol–gel
method. Y(NO3)3  6H2O, Al(NO3)3  9H2O, Dy(NO3)3 and
appropriate dosage of citric acid were dissolved and mixed of
de-ionized water. The mole ratio of citric acid to the total metallic
ions was 3:1. The PH value of the solution was modulated to 3.
By slow evaporation, the as-obtained solution turned into viscous
sol with water-bath heating. Such sol was dried in oven (110 1C)
for 24 h and preheated for 2 h at 400 1C. Finally, the precursors
were calcined at 1100 1C for 4 h.
The phase composition of the as-prepared samples were
examined by the powder X-ray diffraction (XRD) analysis
using Rigoku X-RAY Diffractometer (D/MAX 2000/PC)
operated at 40 kV and 20 mA in the 2θ range of 10–901.
Particle size and morphology were analyzed using a FEI tecnai
G2F30 transmission electron microscope (TEM). Excitation
and emission spectra were measured using Edinburgh Instru-
ments (FLS920) Fluorescence Spectrometer.
3. Results and discussions
3.1. Phase characterization
XRD patterns of YAG: 0.06Dy, xEu (x=0.01, 0.03, 0.05,
0.07, 0.09) phosphors are shown in Fig. 1. It can be observed
that all the diffraction peaks matched well with the Joint
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Fig. 1. XRD patterns for YAG: 0.06Dy, xEu (x¼0.01, 0.03, 0.05, 0.07, 0.09)
phosphors. Inset graph is the lattice constants of YAG: 0.06Dy, xEu phosphors
with different Eu3þ doping concentrations.0040 (pure YAG). No impurity phases were observed. The
inset was the lattice constants of YAG: 0.06Dy, xEu phosphors
with different Eu3þ doping concentrations. It showed that the
lattice constants of YAG: 0.06Dy, xEu were larger than that of
pure YAG (12.0241 Å), because the radii of Dy3þ (0.908 Å)
and Eu3þ (0.950 Å) ions were bigger than that of Y3þ
(0.893 Å) ions. The EDS analysis of YAG: 0.06Dy, 0.09Eu
phosphors is listed in Table 1 and the results showed the
expected chemical components in the phosphors. It is obvious
that Dy3þ and Eu3þ ions successfully substituted Y3þ ions
and the small amount of Dy3þ and Eu3þ ions in YAG did not
change its crystalline structure.3.2. Morphology
TEM micrographs of YAG: 0.06Dy, 0.01Eu phosphors are
presented in Fig. 2. In Fig. 2A, we can ﬁnd that the phosphors
were ellipsoid-like particles with the diameter ranged of 31–
62 nm and there were slight aggregation of particles. The high-
resolution TEM was used to characterize crystallinity of the
particles. Fig. 2B showed that the ellipsoid-like particles have
very clear lattice fringes. The spacings of the lattice fringe
were about 2.12, 2.69 and 3.24 Å and they matched well the
interplanar distances of the (440), (420) and (321) planes of
cubic YAG, respectively. It indicated the good crystalline of
YAG: 0.06Dy, 0.01Eu phosphor.3.3. Photoluminescence characterization
Fig. 3 shows the photoluminescence excitation (PLE) spectra
for YAG: 0.06Dy, xEu phosphors monitored at 582 nm and
610 nm emissions. Monitored at 582 nm, Dy3þdoped and Dy3þ /
Eu3þco-doped phosphors showed the same excitation peaks at
325, 352, 366, 385, 427 and 474 nm, which were corresponding
to transitions from the ground state 6H15/2 to excited states
6P3/2,
6P7/2,
6P5/2,
4I13/2,
4G11/2 and
4F9/2 of Dy
3þ [14]. It also can be
seen that the excitation spectra monitored at 610 nm existed a
strong broad band from 225 nm to 275 nm corresponding to the
charge transfer band (CTB) of Eu3þ–O2, and some sharp peaks
at 299, 319, 365, 379, 394 and 462 nm corresponding to the
transitions from the ground state 7F0 to excited states
5F2,
5FJ,
5D4,
5GJ,
5L6,
5D2 of Eu
3þ , respectively [32]. However, a peak at
353 nm appeared in the PLE spectra for YAG: 0.06Dy, 0.03Eu
phosphor, which matched well with the excitation peaks of
Dy3þ -activated phosphors. This implied the partial energy
transfer from Dy3þ to Eu3þ [35].
The emission spectra of YAG: 0.06Dy, xEu (x¼0.01, 0.03,
0.05, 0.07, 0.09) phosphors were excited by 352 nm, as shown
in Fig. 4A. It can be seen that the prominent emission peaks
located at 483 nm blue emission and 582 nm yellow emission,
which were corresponding to the 4F9/2-
6H15/2 and
6H13/2
transitions of Dy3þ , respectively. The weak emission
peak centered at 677 nm was ascribed to the transition of
4F9/2-
6H11/2. From the inset image, the introduction of Eu
3þ
to YAG: 0.06Dy gained several characteristic emission peaks,
Table 1
EDS values of YAG: 0.06Dy, 0.09Eu phosphor sample.
Element Weight% Atomic%
O(K) 39.24 65.77
Al(K) 24.22 24.06
Y(K) 30.03 9.05
Eu(L) 2.91 0.51
Dy(L) 3.58 0.59
Fig. 2. TEM (A) and HRTEM (B) images of YAG: 0.06Dy, 0.01Eu phosphor.
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Fig. 3. PLE spectra of YAG: 0.06Dy, YAG: 0.03Eu, YAG: 0.06Dy, xEu
(x¼0.03, 0.07) phosphors.
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which were corresponding to the 5D0-
7F1,2,3,4 transition of
Eu3þ , respectively [32,36]. Fig. 4(A) and (B) shows that the
red emission intensity increased with the increase of Eu3þcon-
centration and reached a maximum value at Eu3þconcentration of 0.07. The decrease of the Dy3þ emission
intensity was attributed to the energy transfer from Dy3þ to
Eu3þ in YAG: 0.06Dy, 0.09Eu phosphor.3.4. Photoluminescence lifetime
The ﬁtted bi-exponential decay equation was utilized to
calculate the decay lifetimes of YAG: 0.06Dy, xEu phosphors
through Eq. (1):
IðtÞ ¼ A1expð t=τ1ÞþA2expð t=τ2Þ ð1Þ
where I was the luminescence intensity; A1 and A2 were the
ﬁtting parameters; t was the time; τ1 and τ2 were the
luminescence lifetimes. Based on these parameters, the average
decay time (τ) of Dy3þ can be calculated by Eq. (2),[37]:
τ¼ ðA1τ21þA2τ22Þ=ðA1τ1þA2τ2Þ ð2Þ
The values of A1, A2, τ1, τ2 and τ are shown in Table 2. In
Table 2, the decay lifetime of Dy3þ in YAG: 0.06Dy, xEu
gradually declined from 988.76 to 793.67 μs as the concentra-
tion of Eu3þ ions increased in the range of 1–9%.
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wavelengths on the color coordinate
Fig. 5 presents the Commission International de I'Echairage
(CIE)1931 chromaticity coordinates for the YAG: 0.06Dy, xEu
(x¼0.01–0.09) phosphors() excited at 447 nm and Table 3
lists the results. The chromaticity coordinates of YAG:
0.06Dy, xEu phosphors were tuned from yellow region to
warm white region with the increase of Eu3þ concentrations450 500 550 600 650 700
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Fig. 4. (A) PL spectra of YAG: 0.06Dy, xEu (x¼0.01–0.09) phosphors, (The
inset image presented the PL spectra of YAG: 0.06Dy and YAG: 0.06Dy,
0.07Eu), λex¼352 nm. (B) The varied curve of 483 nm, 582 nm and 610 nm
peak intensity under 352 nm excited as the function of Eu3þ doping
concentration.
Table 2
Values of the decay curves of Dy3þ emission of YAG: 0.06Dy, xEu phosphors, b
Sample x Fitting parameter
A1 A2
0.01 321.693 459.048
0.03 928.047 875.963
0.05 2051.556 1290.040
0.07 3977.743 1719.806
0.09 3458.433 1622.578except x¼0.07. It is well known that the ideal white light is
located at (0.3333, 0.3333). Thus the best composition of the
co-doped phosphors is chosen as x¼0.09. We measured the
CIE of YAG: 0.06Dy, 0.09Eu phosphor (▲) at different
excitation wavelengths (352, 366, 385, 394 and 447 nm), as
shown in Fig. 5, and the results were summarized in Table 4.
The CIE coordinates changed from red to white when excited
at the wavelengths from 352 nm to 447 nm. Using YAG:
0.06Dy, 0.09Eu phosphor, we fabricated a simple LED by
combining the blue LED chip with the phosphor. The
luminescence efﬁciency, color-rendering index and color
temperature were calculated under a forward bias of 60 mA,
and they are 5491 K, 72 and 103 lm/W, respectively. The
digital photograph image of the fabricated LED was demon-
strated in the inset of Fig. 5. The result implies that the YAG:ased on the ﬁtted bi-exponential decay equation, λex¼352 nm, λem¼582 nm.
Decay time (μs)
τ1 τ2 τ
423.6240 1136.3953 988.76
345.6195 1137.9699 945.08
320.8809 1115.5085 866.10
267.3787 1096.4185 797.44
255.7752 1068.1922 793.67
Fig. 5. CIE coordinates of the YAG: 0.06Dy, xEu (x¼0.01–0.09) phosphors
excited at 447 nm (●), and YAG: 0.06Dy, 0.09Eu phosphor at different
excitation wavelengths (352, 366, 385, 394 and 447 nm) (▲).
Table 4
CIE chromaticity coordinates of the YAG: 0.06Dy, 0.09Eu phosphor under the different excitation wavelengths (352, 366, 385, 394 and 447 nm).
Sample λex (nm) CIE coordinates
x y
YAG: 0.06Dy, 0.09Eu 352( ) 0.3954 0.3775
366( ) 0.4520 0.3913
385( ) 0.4811 0.3843
394( ) 0.6080 0.3807
447(▲/●) 0.3263 0.3334
Table 3
CIE chromaticity coordinates of the YAG: 0.06Dy, xEu (x¼0.01–0.09) phosphors, excited by 447 nm.
Sample x (Concentration) CIE coordinates
x y
0.01( ) 0.3845 0.4969
0.03( ) 0.3633 0.4447
0.05( ) 0.3924 0.4622
0.07( ) 0.3058 0.2815
0.09(▲/●) 0.3263 0.3334
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emission.
4. Conclusions
The single-phased white light emitting phosphors YAG:
0.06Dy, xEu were prepared by the sol–gel method. The
prominent emission bands were centered at 483, 582 and
710 nm under the excitation 352 nm, which were assigned to
the 4f-4f transition of Dy3þ and Eu3þ ions. The doping
Eu3þ can enhance the red emission of the phosphors. PL
decay curves showed that the minimum average decay lifetime
was 793.67 μs. The CIE chromaticity coordinates (0.3263,
0.3334) for YAG: 0.06Dy, 0.09Eu phosphor suggested that the
emission color of YAG: 0.06Dy, 0.09Eu phosphor can be
obtained ideal white light when excited by 447 nm. White
LED has been fabricated using YAG: 0.06Dy, 0.09Eu phos-
phor. It is suggested that the phosphor is a potential material
for WLED application.
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